Shiga toxigenic Escherichia coli (STEC) are important food-borne pathogens and a major 22 cause of haemorrhagic colitis and haemolytic-uremic syndrome (HUS) worldwide. In 1995 a 23 severe HUS outbreak in Adelaide occurred. A recent genomic analysis of STEC O111:H-24 strains 95JB1 and 95NR1 from this outbreak found that the more virulent isolate, 95NR1, 25 harboured two additional copies of the Shiga toxin 2 (Stx2) genes although the structure of 26 the Stx2-converting prophages could not be fully resolved due to the fragmented assembly. In 27 this study we have used Pacific Biosciences (PacBio) single molecule real-time (SMRT) long 28 read sequencing to characterise the complete epigenome (genome and methylome) of 95JB1 29 and 95NR1. Using long reads we completely resolved the structure of two, tandemly inserted, 30 stx2-converting phage in 95NR1. Our analysis of the methylome of 95NR1 and 95JB1 31 identified hemi-methylation of a novel motif (5'-CTGC m6 AG-3') in more than 4000 sites in 32 the 95NR1 genome. These sites were entirely unmethalyted in the 95JB1, including at least 33 180 potential promoter regions that could explain regulatory differences between the strains. 34 We identified a Type IIG methyltransferase encoded in both genomes in association with 35 three additional genes in an operon-like arrangement. IS1203 mediated disruption of this 36 operon in 95JB1 is the likely cause of the observed differential patterns of methylation 37 between 95NR1 and 95JB1. This study demonstrates the enormous potential of PacBio 38 SMRT sequencing to resolve complex prophage regions and reveal the genetic and epigenetic 39 heterogeneity within a clonal population of bacteria. 40 41
Introduction 42
In 1995 a large outbreak of hemolytic uremic syndrome (HUS) occurred in Adelaide, South including the Stx2 and Stx1 converting prophage (Phi10 and Phi11, respectively) carried by 138 both outbreak strains, (Table S1 ) were readily resolved in the complete PacBio assemblies. 139 Two plasmids, similar to the P1 and EHEC plasmids from E. coli 11128 (Ogura et al. 2009), 140 were completely assembled in the PacBio assemblies of 95JB1 and 95NR1 141 (p95NR1A/p95JB1A and p95NR1B/p95JB1B, respectively). In contrast to the draft Illumina 142 assemblies of 95JB1 and 95NR1 (McAllister et al. 2016) , the small pO111_4 and pO111_5 143 colicin plasmids were not detected in the PacBio assemblies or in the raw PacBio read data 144 consistent with their exclusion during the library preparation process. 145 146 Insertion Sequence profiles differ between outbreak strains. 147 To explore if there were any additional mobile genetic element differences between the 148 outbreak strains we first compared the complete plasmids of each strain. Whereas the P1 149 plasmids were identical in both strains, the EHEC plasmid, p95JB1B, contained an additional 150 IS3 ssgr IS51-family insertion sequence (99% nucleotide sequence identity to IS1203 from E. 151 coli O111:H-PH) that was not present in p95NR1B (data not shown). This IS1203-like 152 element has inserted into the 3' end of the transposase EC95JB1_B00047 within an IS91-like 153 insertion element. 154 We next surveyed the chromosomal Insertion Sequence (IS) profiles of each outbreak strain 155 ( Figure 2 ). Both 95JB1 and 95NR1 contain 17 different families of IS elements with two or 156 more copies on their respective chromosomes (Table S2) . Notably, 95JB1 encodes an A novel MTase responsible for methylation of the CRARCAG motif 207 In order to identify the MTase responsible for methylation of the 5'-CRARCAG-3' motif in 208 95NR1 (but not 95JB1) we first examined the specificities of the experimentally determined 209 E. coli C227-11 MTases for which there are five close homologs in 95NR1/95JB1 (>92% amino acid sequence identity; Table 3 ) (Fang et al. 2012) . Based on the high amino acid 211 identity between these homologs it is highly unlikely that any C227-11 MTase homologs 212 could be responsible for methylation of the 5'-CRARCAG-3' motif. Similarly, 213 M.EcoVT2Dam is known to target 5'-GATC-3'; thus both homologs of M.EcoVT2Dam in 214 95NR1 (99% amino acid identity) would also be expected to target 5'-GATC-3' (Radlinska The functional characterisation of CRARCAG methylation 250 To determine if methylation of 5'-CRARCAG-3' motifs could have a functional role in the 251 genome of 95NR1 we analysed the distribution of sites located within 300 bp upstream of an 252 annotated start codon. We identified 871 candidate genes where 5'-CRARCAG-3' 253 methylation might have a regulatory role (Table S5 ). These include the flagellar genes (Table S5) . Clustering of these genes based on their functional class revealed no 262 significant enrichment in any functional category when compared to the functional clustering 263 of all genes ( Figure S3 ). that methylation of this motif could directly cause differential gene expression between 364 95NR1 and 95JB1. We have identified several operons and regulators that may be likely 365 candidates for differential expression, although it should be noted that putative promoter sites 366 were predicted in silico and may not reflect true promotor regions. It is also worth noting that 367 95NR1 and 95JB1 have been classifed as non-motile (H-) according to their original 368 serotyping results suggesting that differential expression of flagellar loci is unlikely to result 369 in phenotypic difference (Centers for Disease and Prevention 1995). Analysis of the 370 transcriptome using RNA-Seq will be necessary to fully define the influence of methylation 371 on differential regulation between these otherwise very similar strains. During our characterisation of the 95NR1 and 95JB1 methylomes we made the surprising the hierarchical genome assembly process (HGAP version 2) and Quiver (Chin et al. 2013 
